The unique optical and electrical properties of graphene have triggered great interest in its application as a transparent conducting electrode material and significant effort has been invested in achieving high conductivity while maintaining transparency. Doping of graphene has been a popular route for reducing its sheet resistance, but this has typically come at a significant cost in optical transmission. We demonstrate doping of few layers graphene with bromine as a means of enhancing the conductivity via intercalation without major optical losses. Our results demonstrate the encapsulation of bromine leads to air-stable transparent conducting electrodes with five-fold improvement of sheet resistance reaching ~180 Ω/□ at the cost of only 2-3% loss of optical transmission. The remarkably low tradeoff in optical transparency leads to the highest enhancements in the figure of merit reported thus far for FLG. Furthermore, we tune the workfunction by up to 0.3 eV by tuning the bromine content. These results should help pave the way for further development of graphene as a potential substitute to transparent conducting polymers and metal oxides used in optoelectronics, photovoltaics and beyond.
ABSTRACT
The unique optical and electrical properties of graphene have triggered great interest in its application as a transparent conducting electrode material and significant effort has been invested in achieving high conductivity while maintaining transparency. Doping of graphene has been a popular route for reducing its sheet resistance, but this has typically come at a significant cost in optical transmission. We demonstrate doping of few layers graphene with bromine as a means of enhancing the conductivity via intercalation without major optical losses. Our results demonstrate the encapsulation of bromine leads to air-stable transparent conducting electrodes with five-fold improvement of sheet resistance reaching ~180 Ω/□ at the cost of only 2-3% loss of optical transmission. The remarkably low tradeoff in optical transparency leads to the highest enhancements in the figure of merit reported thus far for FLG. Furthermore, we tune the workfunction by up to 0.3 eV by tuning the bromine content. These results should help pave the way for further development of graphene as a potential substitute to transparent conducting polymers and metal oxides used in optoelectronics, photovoltaics and beyond.
Introduction:
Since its discovery in 2004, 1 the unique properties of graphene have sparked tremendous interest and interdisciplinary research aimed towards integrating it into a wide range of emerging applications. 2 Mechanically, it is the strongest known material with Young's modulus of 1 TPa and intrinsic strength of 130 GPa. 3 Moreover, Graphene exhibits high thermal stability and a superior conductivity of 5300 Wm -1 K -1 , 4,5 whereas charge transport in graphene is ballistic on the submicron scale with a fundamental limit of carrier mobility of 200,000 cm 2 V -1 s -1 and a carrier 3 density on the order of 10 12 cm -2 . 6 Optically, graphene is also intriguingly transparent, as a single layer absorbs 2.3% of white light with reflectance of less than 0.1% at all wavelengths. 7 The high optical transmittance, electrical conductivity, flexibility and chemical stability of graphene have triggered great interest in its application as a transparent conducting electrode (TCE) material in optoelectronic devices and as a potential replacement for indium doped tin oxide (ITO). [8] [9] [10] [11] ITO is currently the most used TCE material, however, due to the relative scarcity of indium in the face of growing demand, 12 chemical stability issues 13 and its rigidity, 8 a replacement material that can meet the performance of ITO, and be mechanically flexible and chemically stable has been the subject of much research. [14] [15] [16] Large scale production methods for graphene such as chemical vapor deposition (CVD) on metals typically yield polycrystalline samples that are considerably more defective and impure after transfer, resulting in inferior conductivity as compared with theoretical predictions and measurement on mechanically exfoliated graphene. 17 Doping of graphene with foreign atoms and molecules has been a popular and successful route to significantly reducing its sheet resistance, with the bonus of also controlling the workfunction of the modified graphene. 9, 18, 19 However, the improvements of conductivity almost always come at a heavy cost of loss of optical transmittance. 27 Superconductivity of bromine-intercalated graphite has even been achieved via bromine vapor exposure of highly ordered pyrolytic graphite (HOPG). 28 The increase in conductivity was attributed to a parallel integration of weakly coupled p-doped graphene sheets. Bromine intercalation of graphitic compounds (Br-GIC) occurs as a stage 2 intercalation, meaning that intercalation occurs at every second layer. 29, 30 The p-doping nature of bromine into graphene has been confirmed by density functional theory (DFT) studies, suggesting a charge transfer towards physically adsorbed bromine species on graphene without disrupting its basal plane. 31 Physically adsorbed bromine on graphene has been previously achieved via vapor exposure and intercalation has been observed for films more than 2 layers in thickness. Both mechanisms of adsorption and intercalation were found not to disrupt the basal plane of graphene and led to high p-type doping density. 30 Enhancement of the conductivity and up-shifting of the workfunction for thinner but still optically opaque multilayered graphene (30 -60 layers) and thick graphite (10 µm) by bromine vapor exposure was also recently reported, implying a strong thickness dependence of conductivity enhancement as the thick graphite samples exhibited larger improvement than multilayer graphene. 32 Covalently bonded bromine on graphene has also been reported by a microwave spark assisted method, but this reduces the conductivity of pristine graphene. 33 Given the well-known reactivity and volatility of bromine, it
is not surprising to find that bromination of SLG, layer-by-layer stacked graphene (LLG) and few layers graphene (FLG) has not been investigated experimentally, nor has the transparency of these layers been evaluated and compared with other graphene TCE doping schemes.
Nevertheless, bromine is well-known to readily intercalate into graphite at room temperature due to the high vapor pressure of bromine, making it possible to minimize covalent bonding promoted at elevated temperature. 34 We therefore take the view that bromine may indeed (Figure 1a) , where pristine FLG samples showed the typical Raman spectrum of CVD grown graphene on nickel, with a G-band at 1580 cm -1 and a 2D-band at 2725 cm -1 . A very small D-peak is observed at 1350 cm -1 , indicating the presence of defects and grain boundaries in the graphene plane. These are believed to result from the patchy nature of the film and wrinkles present due to the difference of the thermal coefficient of expansion between graphene and the Ni foil. 37, 38 Upon exposure to bromine, we observe a broadening of the G-peak which continues to broaden with increased exposure time, to a point where it splits after 180 minutes of exposure as shown in the close up view in Figure 1b . The G-band doublet peak has been clearly observed in bromine intercalated graphite compounds (Br-GIC) and was reported to consist of a graphitic band at 1580 cm -1 resulting from graphite surrounded region (A 1 ), and a stiffened band at 1600 cm -1 from graphitic planes adjacent to bromine (A 2 ). 35 Even though these two bands aren't as clearly formed in FLG samples as in Br-GIC, we surmise that the fitted peaks in the G-band of our samples, having the same separation, result from a similar mechanism, strongly pointing to intercalation. The characteristic G-peak was fitted using two Gaussian peaks with areas A 1 and A 2 , separated approximately by 20 cm -1 for all brominated samples (inset of Figure 1b ). The increase of the intensity ratio A 2 /A 1 with exposure time -even after ethanol wash -indicates increased bromine uptake by the sample with increasing exposure time (as shown in Figure S2 ).
The intensity ratio of A 2 /A 1 peaks is sensitive to the relative number of the graphene-bound layers and Br-bound layers, as well as to the molecular alignment of bromine between the sheets 7 of graphene. A higher degree of molecular alignment of Br is expected to promote the growth of the A 2 peak. 35 Since the FLG films are of a patchy nature and vary laterally in the number of layers from 4 to 10 and exhibit different in-plane orientations, they lead to non-uniform intercalated layer formations in terms of the number and orientation of molecules. The higher density of grain boundaries and edges in FLG films is expected to promote incorporation of bromine at these sites without any specific molecular orientation. All of these factors should diminish the A 2 peak intensity as compared to the A 1 peak and result in a less pronounced peak splitting in Br-FLG than in Br-GIC, where HOPG has uniformly extended sheets of graphene throughout the sample. These features may promote higher bromine density at these specific sites, while the graphitic band at 1580 cm -1 continues to dominate the spectrum. The graphitic peak of the G-band (A 1 ) is blue shifted in brominated graphene which is in line with previous Raman studies on doped graphene. 39 A Br-Br stretching mode peak appears in the spectrum at around 250 cm -1 (inset of Figure 1a ) and is downshifted compared to that of free bromine molecules (323 cm -1 ) and solid bromine (300 cm -1 ). 35 This peak was previously reported around 240 cm -1 for both Br-GIC compounds and bromine doped mechanically exfoliated multilayer graphene. 30, 40 At this position, the bromine peak can be related to either bromine molecules or to an anionic bromine mode. The blue shift of the G-band and the red shift in the Br 2 stretching mode at 250 cm -1 both point to charge transfer occurring between Br 2 molecules and graphene. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   9 The doping of FLG with bromine is further confirmed by x-ray photoelectron spectroscopy (XPS) performed on samples exposed to bromine in both Gbox and Gbag environments. In Figure 1c we show a representative survey scan of a sample brominated for 180 minutes in glove box exhibiting a strong C 1s peak (graphene) and bromine peaks of Br 3s, Br 3p and Br 3d.
The silicon peaks at 102.7eV (Si 2p) and 153.6eV (Si 2s) are related to the glass substrate carrying the FLG. The graphitic C 1s peaks for the brominated FLG samples were observed at 283.8eV, which is downshifted from that observed for the pristine sample at 284.1eV due to the Fermi level shift to a higher value in the negative direction (more information in the supplementary information Figure S3) . A high resolution scan of Br 3d peak revealed the maximum at 69.4eV as shown in the inset of Figure 1c , which is higher than that of molecular Br 2 at (67.4eV) and anionic Br -(68.5eV) and lower than covalently bonded C-Br (70.8eV). It has been reported that bromine adsorbed on the surface of graphene should have Br 3d peak centered at 69.2eV as compared to 70.8eV for covalently bonded bromine. 33 The Br 3d peak was deconvoluted into a set of three doublets using a Shirley background. The solid lines refer to the 3d 5/2 peaks and dashed lines refer to 3d 3/2 peaks, the doublets were constrained to an intensity ratio 3:2, respectively, with a separation of 1.05eV. 26 According to the fitted peaks, three forms of bromine are present; (1) C n -Br 2 charge transfer complex (67.9eV),
(2) physically adsorbed and anionic bromine (69.2eV) and (3) covalently bonded bromine to carbon (70.0eV). 41 Quantitative analysis of the fitted peaks reveals that after 180 minutes of exposure in Gbox, bromine species in FLG are generally intercalated as physically absorbed species (1.5 at.%) and charge transfer complexes (0.9 at.%) on and between the graphene sheets, with a relatively small, but non-negligible amount of covalently bonded bromine (0.4 at%) 10 which is believed to be concentrated at the edges of the graphene sheets without disrupting the basal plane.
Since it is well established that bromine has an acceptor nature in graphitic materials as mentioned earlier, Br species on our brominated FLG films mostly consist of molecular Br 2 forming C n -Br 2 complexes and anionic Br -species that are physically adsorbed on the surface or intercalated between the graphene sheets rather than covalently bonded bromine. Hence, the increased binding energy as compared with molecular Br 2 and anionic Br -is believed to result from the charge transfer towards Br rather than covalently bonded C-Br, which would disrupt the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 11 Supplementary Information and Figure S4a) . It was observed the Br species resulting from HBr vapor exposure are less effective than those resulting from Br 2 exposure in enhancing the conductivity and are easily reversed by ethanol washing, indicating there is minimal HBr formation. In Figure S4b we show the Br 3d XPS peak for Br 2 -FLG and HBr-FLG in a Gbag.
The stark difference in the peak positions indicates that the HBr is not present in Br 2 -FLG even when prepared in a Gbag, perhaps removed after washing with ethanol. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 S5b,c) leading to the conclusion that the graphene becomes locally swollen with bromine. Next, we seek to co-locate changes in graphene structure with the presence of bromine. Mapping of the G-peak to D-peak intensity ratio from Raman spectra for brominated sample (Figure 2h ) over the area shown by the optical image in Figure 2g indicates that a high degree of order within the (Figure 3a) , whereas in the GBox it decreases to 20% of its starting value, yielding a sheet resistance as low as ~180 Ω/□. These differences are in line with previous XPS observations discussed earlier to the effect that the experimental environment can affect the outcome of the bromination process. In all cases, the transmittance decreased by only 2-3% of the pristine value (Figure 3b) , resulting in an increase of the FoM to 3 and 7.7 for samples prepared in a GBag and a GBox, respectively. The gradual changes of sheet resistance and transmittance with increasing exposure time generally agree with the Br content as measured by XPS. We also attempted bromination by exposure to liquid bromine. Liquid bromine was 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 drop-cast on the surface of the FLG sample on glass and allowed to evaporate at room temperature inside the Gbag. The liquid bromine was found to dry within 10 minutes and the sample was washed in ethanol prior to sheet resistance measurement. We find the sheet resistance reaches the same level after 10 minutes of liquid bromination as was achieved after 180 minutes of vapor bromination, indicating the latter method can also be effective at doping graphene. We have also evaluated the vapor phase bromination of SLG and LLG samples (Figure 3c) . In case of SLG, the sheet resistance drops from 1548 Ω/□ for the pristine sample to
602 Ω/□ after exposure to bromine for 60 minutes. The transmittance decreased very slightly by 0.8% (Figure 3c ), resulting in a FoM increase from 9.5 to 15.6. The sheet resistance decreases more modestly for two and three LLG samples. We have performed Hall effect measurements on brominated FLG samples (Gbag) and show the FLG becomes p-doped by bromination.
Enhancement of the conductivity is shown to result from the doubling of the carrier concentration upon bromination (from 2.9×10 13 to 5.7×10 13 cm -2 ), most likely due to charge transfer from FLG to bromine molecules. Bromination of FLG also modified the workfunction, increasing it from 4.84 eV to 5.10 eV after bromine vapor exposure for 180 minutes (Figure 3d ).
The upshift in the workfunction is believed to result from the shift in the Fermi energy level towards the valence band of FLG upon charge transfer to bromine. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 The stability in ambient air of brominated SLG and FLG was evaluated by measuring sheet resistance after leaving samples in ambient air for ten days. In these conditions, bromine is 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 16 expected to desorb with time towards its residue compound in a similar manner as intercalated graphite compounds. 29 FLG samples are found to remain stable in air, while the sheet resistance of SLG sample increases by 50% (Figure 4a ). This indicates that intercalated bromine in the FLG sample is protected from desorption and reactivity, comparing very favorably to the aging in air of AuCl 3 doped graphene, 46 which degrades over time. As expected, SLG samples are probably more prone to loss of Br. We have further investigated the stability of brominated FLG samples by placing them on a hot plate for 10 min at fixed temperature in a nitrogen glove box and measuring their sheet resistance (Figure 4b) . We find the sheet resistance increases slowly and monotonically up to 150°C toward the pristine FLG sheet resistance along with a decrease in the Br atomic content due to desorption. Beyond this temperature, the sheet resistance increases above the pristine value, hinting that graphene and bromine may potentially undergo a chemical reaction or structural changes resulting from a phase change at elevated temperature (for more details, including XPS analysis, see Supplementary Information). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 17 and corresponding bromine content at selected times as deduced from XPS measurements. The samples were allowed to cool down to room temperature before measuring the sheet resistance. Our results have thus far indicated that bromine doping of graphene electrodes can result in a large enhancement of conductivity with minor cost in optical transmittance, but without quantitatively comparing them to other doping schemes reported previously. We have plotted in Figure 5a the ratio of the decrease of sheet resistance with respect to the change in transmittance (∆R S /∆T) of brominated graphene samples and compared it with various other treatments reported in the literature, including metal chlorides, acid doping and other approaches. 18, 19, 22, 46, 47 The raw data of sheet resistance and transmittance before and after treatment are shown in the inset of Figure 5a , with a line linking the data points to highlight the differences in the steepness of the slope. We find that bromine doping of graphene outperforms in terms of ∆R S /∆T almost all results in the literature for both SLG (shaded bars) and FLG (solid bars), with the exception of acid-doped graphene. 18 In Figure 5b , we have plotted the percentage change of FoM for a wide range of results in the literature which provide sheet resistance and transmission change data and compared it to bromine doping of SLG and FLG graphene. The results indicate that we have achieved the highest enhancement of FoM when compared to other doping schemes for FLG.
The performance enhancement of FLG was greater than that of SLG. We attribute this to the ability of bromine to decorate the surface, grain boundaries, step edges and intercalate between the layers of FLG, whereas in SLG it is mainly adsorbed on the surface and at grain boundaries.
In summary, we have successfully demonstrated p-doping of graphene with bromine, resulting in a significant reduction of sheet resistance at minimal cost to optical transmission. The air stability of the bromination approach for FLG in ambient conditions indicates this method may between two quartz substrates to reduce evaporation from the foil during the annealing and growth process (for more information see supplementary information). 48 Commercially available few layers graphene (FLG) CVD grown on 300 nm nickel films on SiO 2 /Si substrate were also used. Graphene samples were transferred to glass substrate using the conventional PMMA transfer method 36 followed by annealing for 90 minutes at 450°C in argon and hydrogen atmosphere.
Graphene samples transferred to glass were exposed to bromine vapor or liquid at room 
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Characterization: X-ray photoelectron spectroscopy was performed using an Omicron Nanotechnology (Taunusstein, Germany) UHV system with a monochromatic Al source (1486.7 eV). A hemispherical energy analyzer EIS-Sphera was used to measure the XPS spectra. Corelevel XPS scans of carbon 1s and bromine 3p regions were acquired at a pass energy of 20 eV and a step size of 0.05 eV. A base pressure of about 4.0x10 -10 mbar was maintained throughout all measurements. The spectroscopic data were processed using CasaXPS software (Casa Software Ltd).
Scanning tunneling microscopy (STM) imaging was performed in ultrahigh vacuum conditions (5.0×10 -10 mbar) in a variable temperature STM (VT-STM; Omicron Nanotechnology).
Graphene samples were kept at room temperature during measurements. A chemically etched polycrystalline tungsten STM tip was used for imaging, which was further cleaned by electron bombardment in-situ in UHV to reach atomically resolved imaging of HOPG. FLG samples on sputtered Ni on SiO 2 /Si were mounted on a sample plate for STM studies. All images were acquired with a sample bias of V b =0.5 V and a tunneling current of I t =50 pA.
Raman Spectra and maps were obtained using a LabRAM ARAMIS (Horiba Jobin Yvon, Inc) instrument. The excitation source was a 473 nm laser, focused with a 100x objective with a laser spot of 1 µm and 0.5 mW power. The scattered signal was dispersed with a 1800 mm -1 grating.
The spectra ranging from 1200 to 2900 cm -1 were collected in backscattering geometry.
A 4-point probe was used to measure the sheet resistance of the samples. Optical transmittance measurements were performed using a F20-UVX spectrometer (Filmetrics, Inc.) equipped with tungsten halogen and deuterium light sources over the range from 400 nm to 700 nm. Work function measurements were performed using photoelectron spectroscopy in Air (PESA) system (RKI, Inc.) with UV excitation energy of 100 nW. 
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